ABSTRACT
INTRODUCTION
As the number of interconnected photovoltaic generation systems (PV systems) increases, it may become difficult to manage line voltages on distribution lines. Fortunately, grid interactive inverters of the PV systems often have some surplus capacity all through the day. The surplus capacities can accept some optional functions which do not require any active power [1] . For example, voltage harmonics [2] or unbalanced load currents [3] can be reduced by additional control systems utilizing the surplus capacity. Considering that many PV systems are installed, the surplus capacities are widely distributed in the distribution network. Some studies have proven the effectiveness of the reactive power control by the distributed generation systems [4] - [6] . If they are utilized as distributed small-scale reactive power sources with some appropriate management, it is expected that they can contribute such as the line voltage management.
Authors have developed a voltage rise mitigation method by the utility interactive inverters of the PV systems which are widely installed in the distribution system [7] . This study aims at a unified control of the grid interactive inverters using a simple information network. In this method, each inverter gives the first priority to higher active power injection to the grid. Next, the inverter contributes to the distribution line voltage regulation utilizing its surplus capacity. In order to manage the many inverters, two methods are installed simultaneously; one is an autonomous control and the other is a unified control. The autonomous control means that each inverter decides its reactive power autonomously comparing its own terminal voltage with an appropriate voltage range. But, depending on its connected point, some inverters may be often charged with large amount of required reactive power. Considering that available inverter capacities are restricted, some voltage rise cannot be suppressed only by the autonomous control. Therefore, the unified control is employed in order to inform the inverter about the other one's output reactive power. All the inverters are continuously modifying their output reactive power so as to reduce the unbalance among them.
However, the unified control may require some additional installation costs. To reduce the cost, this paper especially considers how the additional control signal is. If the additional control signal has to be analogue or high density discrete signal, the network infrastructure will be too expensive to be realized. But extremely reduced density of the discrete signal decreases the effectiveness of the unified control.
In the following discussions, it is demonstrated with some simulation results how the density of the additional control signal influences the effectiveness of the voltage management and the required reactive power in order to find a better solution of cooperation among the inverters. Fig. 1 shows a system model which represents a typical electrical power distribution system whose rated capacity is 5800kVA, 510A. In Fig. 1 resistive and inductive loads which are displaced by same distances with each other, where the loads at the both ends are half of the other loads. A Tap of a transformer at each node is decided appropriately in case that there is same loads but no PV systems are installed on this line. Sinusoidal current sources represent PV systems which are installed at the customer sides. They can absorb active and reactive power by the following control.
A MODEL OF A TYPICAL DISTRIBUTION SYSTEM

CONTROL SYSTEM OF THE INVERTERS
A control system of the inverter is summarized in Fig. 2 . The active power control is assumed to decide the active power component of the output current by a traditional maximum power point tracking control. Reducing the active power injection can be one of the solutions to suppress the voltage rise caused by the PV systems. But this paper gives the first priority to the active power injection to the grid and makes the best effort to cancel the voltage rise with a reactive power control. Therefore, the limitation of the active power is not concerned in this paper.
Detected variables for system monitoring
From the viewpoint of system monitoring, two variables can be an observed variable; one is the voltage and the other is the power factor at the terminal. In the previous studies [7] , power factor detection is effective when the voltage rise is caused by poor power factor loads but it is not in the other cases. Therefore, terminal voltage detection is employed in the following studies.
Autonomous control of an inverter
The terminal voltage has its appropriate range as a control 
A traditional MPPT controller
Reactive power limitation along the surplus capacity reference, where the upper limit is V iU and the lower one is V iL . As shown in Fig. 2 , the detected terminal voltage V i is compared with the voltage range in the autonomous control. As the performance of the autonomous control highly depends on the voltage range, it should be carefully designed in order to achieve better results by the autonomous control. After the terminal voltage deviation from the range is calculated, required reactive power is decided by a conventional P-I controller.
Unified control for management of inverters
In this paper, the unified control is employed in order to improve the balance among the output reactive power of the inverters. In this method, all the inverters exchange the values of their output reactive power with each other and select the maximum value among them. When some inverter output reactive power is less than the maximum value, the inverter increases it even if its terminal voltage is within an appropriate range. This increment of output reactive power additionally suppresses the voltage rise of the distribution line. As a result, some other inverters which had to output large reactive power can reduce their outputs. Therefore, the maximum value of the output reactive power results in decreasing. All inverters are continuously modifying their output reactive power for better cooperation by this unified control.
Distinctive characteristics of the control system
It is noted that the exchange of the information can be realized only by the inverters using the information network. Therefore, any supervisory computers are not required. Moreover, it is important that the terminal voltage control of the inverters is based on the autonomous control. This means that the terminal voltage is sure to be within its appropriate range even if the unified control is temporary absent. However, it is also important how high density is required to the exchanged signals to achieve a good performance. It is confirmed by some simulation studies in the following discussions.
SIMULATION STUDIES
Simulation studies were executed using a distribution system model as shown in Fig. 1 . Table 1 summarizes the system conditions, where the appropriate voltage range is temporary designed for this study to check the performance of this control system. The total capacity of the PV systems is assumed to be 40% and they are equally distributed in the network. For the simplicity, both the electrical loads and the solar power are assumed to be constant. Fig. 3 shows the node voltages with comparing four case studies. Without any reactive power control (CASE A), the voltage at the node 4 is out of the appropriate voltage range. As the taps of the distribution transformer is suitably designed in case that any PV systems are not installed, this over voltage is caused by the active power injection by the PV systems. By only the autonomous control (CASE B), the over voltage can be reduced within the voltage range. However, it should be noted that the required reactive power at the node 4 is quite higher than the others as shown in Fig. 3 (b) . This is because the inverters connected at the upper nodes of this line do not output any reactive power. This is a drawback of the autonomous control. In order to overcome the problem, an additional signal by the unified control can be employed. Fig. 3 (a) shows almost same good voltage profiles in case that both the autonomous and the unified control are equipped. From the viewpoint of fairness of the required reactive power, the result with the additional signal by every 0.02s is better than that of 0.2s. This means that the unified control with higher density signal can realize better fairness of the required reactive power.
On the other hand, increasing density of the additional signal also increases the total required reactive power as shown in Fig. 4 . In this case, increased reactive power is larger than the decreased ones when the unified control is equipped. Higher density signal also requires more expensive information network. It is not so good from the practical viewpoints. In these cases, the CASE C1 which uses the signal by every 0.2s can be a compromise solution.
CONCLUSIONS
This paper considers a voltage rise mitigation method by the grid interactive inverters of the PV systems with cooperating each other. The inverters decide their output reactive power autonomously at first, and continuously modifying them by the unified control with exchanging information about the output reactive power of the other inverters. Especially, this paper focuses on how the signal density for the unified control affects the effectiveness of the voltage rise mitigation and balance of the output reactive power among the inverters. By some simulation studies using a typical distribution system model, the additional control signals are very effective for utilizing the distributed small capacities of the inverters because they can equalize the duties of the inverters even if the signal density is low. Under a practical situation, a compromise solution should be found considering both the balance of output reactive power among the inverters and required installation efforts. 
